We combine path-integral Monte Carlo methods with a new intramolecular potential energy surface to quantify the equilibrium enrichment of doubly substituted ethane isotopologues due to clumped-isotope effects.
Introduction 1
The isotopic composition of a material embeds a wealth of information regarding its origin and history compounds (see Eiler (2013) , , and references therein).
12
Recent innovations in isotope-ratio mass spectrometry, infrared absorption spectroscopy, nuclear mag-13 netic resonance techniques, and other instrumentation that can preserve the original bonding connectivity 14 of the analyte enable measurements of isotopically 'clumped' species, in which rare isotopes are spatially 15 co-localized in a molecule (Eiler, 2007; . At equilibrium, this co-localization of rare isotopes 
29
A natural extension of existing clumped-isotope applications would be to utilize clumped-isotope signa-30 tures in hydrocarbon exploration or in stable isotope studies of other organic matter. Carbon and hydrogen 31 isotope ratios have long been used to unravel the complex origins or source processes of samples in geo-32 chemistry and biogeochemistry (Craig, 1953; Schoell, 1984 The relative equilibrium enrichment of an isotopologue is quantified as
where x i /x 0 is the abundance of an isotopologue, i, relative to that with no rare-isotope substitutions. 
where X and Y are rare isotopes of X and Y, and
is the equilibrium constant. The 71 equilibrium constant can thus be computed from the partition functions, denoted asQ ij for the various 72 isotopologues in Eq. (2).
73
An approximate relationship between ∆ X Y and K can be derived as
where K r is the equilibrium constant in Eq. (2) for isotopologues based on a random distribution of isotopes 
Through Eq. (4), the quantum Boltzmann statistics of the system are obtained from the classical statistics 96 of a ring-polymer with P beads at inverse temperature β P = β/P that interact via an effective potential,
Here, r 
where · · · X Y and · · · X Y denote ensemble averages obtained from simulation of X Y and X Y , respec-tively, and Z A ,A is a direct scaled-coordinates estimator involving the exchange of an isotope A for that of
112
A (Cheng and Ceriotti, 2014). In particular,
is an estimator involving the difference in molecular potential between the given ring-polymer configuration
114
and that with scaled-coordinates q 
where β = 1/(k B T ) is the inverse temperature, E (0) is the zero-point energy, m i is the mass of the ith atom 126 in a molecule of N atoms, ω (j) is the harmonic frequency of the jth normal mode, and α is the total number 127 of normal vibrational modes (α = 3N − 5 for linear molecules and 3N − 6 for nonlinear molecules). The 128 mass terms precisely cancel in calculating fractionation factors, such that
where ∆E (0) is the zero-point energy change for Eq. (2). If the zero-point energy is calculated purely from we will refer to the trans rotamer as t-( 12 CH 2 D) 2 and the gauche rotamer as g-( 12 CH 2 D) 2 .
176
As previously noted, the fractionation factor α can be directly computed without specification of rota-177 tional symmetry numbers or reference isotopologues. Nonetheless, the results for α can be directly converted 178 to those for an equilibrium constant after specification of the isotopologue symmetry numbers (σ = 6, 6, 3, 1, The ethane molecular potential energy surface (PES) is a full-dimensional, linear-least-squares fit to 189 roughly 900 electronic energies and gradients, obtained at the DFT-B3LYP/aug-cc-pVTZ level of theory.
190
The data set is extensive in configuration space. The fit is given as a sum of two-body potentials plus one for all the isotopologues featured in this study are provided in Table 1 . The PES is available upon request. 
212

Results
246
PI Calculation of Isotopologue Enrichment
247
We begin by considering the relative enrichment of the doubly substituted isotopologues of ethane- over the entire temperature range. This is clearly seen in Figure 2B , which shows an expanded view of the 261 same data in Figure 2A . 14), the solid line indicates results for t-( 12 CH2D)2, for which the deuterium isotopes are in a trans conformation, and the dashed line indicates results for g-( 12 CH2D)2, for which the deuterium isotopes are in a gauche conformation; the PIMC results include conformational sampling of both rotamers.
Comparison with the Urey Model
268
To assess whether the Urey model adequately describes isotopologue enrichment for doubly substituted 
286
The figure shows the difference in apparent equilibrium temperature obtained from the Urey model compared 287 to PIMC for a given fractionation factor; data for both 12 CH 3 13 CH 2 D and 12 CH 3 12 CHD 2 are shown.
288
The difference T Urey − T thus represents the approximate error that would result from using theoretical double-heavy-isotope substitutions for which the two heavy isotopes appear with the closest possible prox-303 imity. The equilibrium enrichments observed in Figure 2 for these isotopologues in addition to possibil-304 ity to preserve the relevant bonding connectivity upon fragmentation (in the cases of 12 CH 3 12 CHD 2 and 305 12 CH 3 13 CH 2 D) make these isotopologues particularly amenable to analysis by mass spectrometry. Figure 2 306 also sets particular targets for experimental precision. In fact, the slope of the enrichment curves indi-
307
cates the necessary experimental precision needed to resolve a given temperature difference; in particular,
308
to distinguish a 10 K temperature difference for samples formed near 373. abundances of the isotopes involved.
314
The results in Figure 2 also show that the fractionation factors due to these clumped-isotope effects A second-order effect that can also influence fractionation factors is rare-isotope substitution at non-325 adjacent positions (indirect clumping) in a molecule (Eiler, 2007) . Examination of the remaining isotopo-326 logues in Figure 2 illustrates the competition between mass perturbation and rare-isotope proximity. The results in in Figure 2 also provide insight regarding isotope fractionation in similar molecular species.
345
The enrichments for both 12 CH 3 12 CHD 2 and 12 CH 3 13 CH 2 D bear strong resemblance to their methane ana- The results of Figure 2 and it underestimates the enrichment and manifests as statistically resolvable temperature errors (Figure 3 ).
368
Interestingly, the largest errors in the apparent equilibrium temperature occur at high temperatures, where 369 the errors in fractionation factors are smallest ( Figure 2 and 
